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Dilepton spectrum in relativistic nucleon-nucleon collisions is studied with an emphasis on baryon
resonance Dalitz-decays. Resonances up to spin-5/2 are included in our model. We discuss the
technical issues of calculating high spin resonance Dalitz-decays. Our results may help to understand
dilepton spectra to be measured by the HADES detector in GSI, Darmstadt.
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I. INTRODUCTION
The main objective of the physics program at SIS (GSI, Darmstadt) is the study of hot and dense hadronic matter
formed in nucleus-nucleus collisions. The clearest probes for this investigation are dileptons, which leave the interaction
volume unaected by strong nal state interactions. The purpose of the HADES detector is to study the dilepton
spectrum produced in nucleus-nucleus, nucleon-nucleus, nucleon-nucleon, and pion-nucleus collisions.
Theoretical investigations predict a partial restoration of chiral symmetry in hot and dense nuclear matter, which
results in a modication of particle properties. For an experimental study of these phenomena the light vector-mesons
, !, and  seem to be a suitable probe. The  { owing to its short lifetime { decays inside the hot and dense hadronic
matter. Predicted in-medium modications of ! and  may result in a considerable growth of their decay widths and
there is hope that they also decay inside the hot and dense phase. On the other hand, , !, and  decay directly to
dileptons, which allows a clear experimental study.
Dileptonic decays of vector-mesons contribute to the dilepton invariant mass spectrum as peaks or { in the case of
the  { as a wider distribution. In-medium modication of vector-meson masses and decay widths may be identied
in the dilepton spectrum as a shift and widening of the corresponding peaks, respectively.
To identify the vector-mesons in the dilepton spectrum a careful analysis of the backgrounds is needed. One of the
possible sources of background is the Dalitz-decay of baryon resonances. These processes may be interesting also for
themselves since baryon resonance properties may also be subject to in-medium modications, which may be studied
by the HADES detector. In earlier studies only the (1232) and N(1440) Dalitz-decays have been considered in
model calculations (the latter giving a negligible contribution). On the other hand, some of the higher resonances
have a relatively high photonic decay width and are, therefore, expected to have a non-negligible contribution to the
dilepton spectrum through their Dalitz-decay. Some of these resonances have higher spins and their electromagnetic
transitions have not been studied in the literature. Recently some authors included a much larger set of baryon
resonances into their models [1] but a correct treatment of the higher spin nature of these states is still missing.
In this paper we discuss the Dalitz-decay of baryon resonances up to spin-5/2. We inserted our results into a Monte
Carlo model, with which we study relativistic proton-proton collisions. Our paper is organized as follows: in Sec.
II we discuss the technical details of the calculation of higher spin resonance Dalitz-decays. We devote a subsection
to a comparison of the various possible decay amplitudes and parameter tting. In Sec. III we briefly review our
Monte Carlo model for proton-proton collisions and discuss the resulting dilepton spectra. In the Appendix we give
the spin-3/2 and 5/2 projectors, which are necessary for calculating the decay widths. Throughout the paper we set




II. DALITZ-DECAY OF A SPIN-J RESONANCE
A. Kinematics and matrix elements
Let p, m, and  denote the four-momentum, mass, and helicity of the decaying resonance, respectively, and
p, m, and  the corresponding quantities for the nucleon. Let us introduce the notation q = p − p for the photon
four-momentum, M2 = q2 for the virtual photon mass (= dilepton invariant mass) squared, and P = (p + p)=2.





















hNγjT jNi = −hN jJjNi; (2.3)
with  the photon polarization vector, and J the electromagnetic current operator. In (2.2) npol;N is the number
of polarization states of the N resonance and (a; b; c) = a2 + b2 + c2−2(ab+ bc+ac) is the usual kinematical factor.
Next we determine the matrix element hN jJjNi for an N resonance of spin-J . A spin-J (J  3=2) fermion can
be described by a spinor-tensor eld Ψ1n (n = J−1=2), therefore in momentum-space matrix elements the particle
is represented by a spinor-tensor amplitude u1n(p; ). In order to select the spin-J content of u1n(p; )
one has to prescribe the following relations:
uik(p; ) = uki(p; );
u (p; ) = 0;
u(p; )p = 0;
u(p; )γ = 0: (2.4)
The electromagnetic current matrix element can be written generally as
hN jJjNi = u(p; )Γ1nu1n(p; ); (2.5)
where the form of Γ1n is restricted by the conservation of electromagnetic current, qhN jJjNi = 0. The
relations (2.4) and the Dirac equations u(p; )(p= − m) = 0 and (p= − m)u1n(p; ) = 0 can be used to further




fi(M2)i1p2    pnG; (2.6)
with
1 = γq − q=g;
2 = Pq − (P  q)g;
3 = qq −M2g; (2.7)
and G = 1 or γ5 for resonances with positive or negative normalities, respectively. The normality of a spin-J baryon
is by denition P (−1)J−1=2 with P the intrinsic parity. fi(M2), i = 1; 2; 3 are three independent form factors, which
should be determined from experimental data.
The polarization sum in (2.2) runs over all physical polarization states of the incoming and outgoing particles, that
is, in the case of the spin-J resonance only over those states that belong to the spin-J content of u1n(p; ). As




In our model we neglect the M2 dependence of the form factors, therefore fi become constant couplings. (Vector-
meson dominance does not apply here since we include the  dileptonic decay separately.) We redene the i in our
matrix elements dividing them by the appropriate power of the nucleon mass m in order to render the form factors
fi dimensionless. We, further, write fi = egi, with e the elementary charge related to the ne structure constant by
e2 = 4. The dimensionless coupling constant gi is to be determined from the real photonic decay width of the
resonance.
We neglect terms containing 2 and 
3
, i.e., we restrict ourselves to the matrix element associated with the lowest
power of external momenta. To support this choice in the following we compare contributions of our three matrix
elements to results obtained from the dominant magnetic dipole matrix element in the case of the (1232).
The multipole γN form factors have been discussed in [3]. According to their results, in order to get the magnetic





(m + m)2 −M2
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Here gM is a dimensionless coupling. In (2.8) an M2 dependence of the corresponding form factor is introduced
through the proportionality factor m(m + m)=((m + m)2 − M2). The even parity of the (1232) is taken into
account by the inclusion of γ5. The photonic and Dalitz-decay width is calculated as described above.
In Fig. 1 we plotted the virtual photonic decay width of the (1232) as a function of the photon mass calculated
from our three matrix elements and their interference terms, together with the magnetic dipole (M1) contribution.
Equal values have been chosen for the coupling constants gi and gM . Here one can see that terms containing f3 give
zero width for real photons (M = 0), therefore their couplings cannot be tted to the real photonic decay width.
On the other hand, these terms give a much smaller contribution to the dilepton spectrum than the others for equal
values of the couplings. In the following we omit terms containing f3.
The dierential width of the (1232) Dalitz-decay is shown in Fig. 2. Contributions of the rst two form factors
and their interference term are plotted and again we included the M1 contribution. Here coupling constants have
been so chosen that for real photonic decays all four terms give the measured value [4]. The four curves nearly
coincide suggesting that the choice of matrix element is practically irrelevant for calculating the dilepton invariant
mass spectrum. We also note that the coincidence is best between the f21 and the M1 terms.
Both Figs. 1 and 2 correspond to a  with a mass of m = 1232 MeV. We also studied the resonance mass
dependence of the Dalitz-decay width. This may be relevant because in our Monte Carlo model (see Sec. III)
resonances are created with their mass corresponding to a Breit-Wigner distribution, but we use a single coupling
tted to the photonic width of a resonance with its mass equal to the peak value. The resonance mass dependence
of the Dalitz-decay dierential width is shown in Fig. 3 at a dilepton mass of 250 MeV. The f21 and M1 curves are in
good agreement, while f22 and f1f2 produce a more rapidly increasing dilepton yield.
We come to the conclusion that in the case of the (1232) choosing the dominant magnetic dipole contribution is
almost equivalent to choosing the form factor associated with the lowest power of external momenta.
We carried out similar investigations for the case of spin-parity 3/2−, 5/2+, and 5/2− resonances. It remains true
also for these resonances that terms containing f3 give zero width for on-shell photons. The dierential Dalitz-decay
widths calculated from the remaining three terms show a good coincidence similarly to the case of the (1232) (Fig.
2). Finally, we note that the dierent resonance mass dependence of the various contributions causes only a minor
dierence in the dilepton production cross section since masses of resonances in proton-proton collisions are close to
the peak value, which was used for xing the coupling constants.
These results encourage us to make the approximation mentioned above, namely, we calculate the Dalitz-decay of
all spin-3/2 and 5/2 resonances using the f21 term, i.e., the term containing the lowest power of external momenta.
III. DILEPTON PRODUCTION IN PROTON-PROTON COLLISIONS
We inserted the formulae of the preceeding section into a Monte Carlo model of proton-proton collisions, in which
creation and decay of particles is treated as two subsequent processes. We have taken into consideration the following
dilepton sources: vector-meson (, !, and ) dilepton decays, Dalitz-decay of , , and ! mesons and spin-1/2, 3/2,
and 5/2 resonances. We included all unflavored baryon resonances with spin5/2, mass2.25 GeV, and with a status
of at least 3 stars that have a nonzero photonic branching ratio according to the Review of Particle Physics [4], i.e.,
(1232), N(1440), N(1520), N(1535), (1600), (1620), N(1650), N(1675), N(1680), N(1700), (1700), N(1710),
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N(1720), (1905), (1910), (1930). For the Dalitz-decay of resonances with spin3/2 we used the formulae
established in section II. Dalitz-decay of the N(1440) resonance has already been included in Ref. [5]. We treated all
the other spin-1/2 resonances in the same fashion.
We tted the resonance properties (branching ratios and masses within the errors given in the Review of Particle
Physics [4]) to experimental data of pion induced reactions. Cross sections of resonance production have been tted
to one-pion, two-pion, , !, , and kaon production in proton-proton and proton-neutron collisions. In the model we
also included some resonances that we do not use as dilepton sources but that are needed to describe the quantities
used in the above parameter tting. These additional resonances are the spin-7/2 and 9/2 resonances in the given
range ((1950), N(2190), N(2220), N(2250)), the (1920) resonance, the photonic decay of which has not been seen
experimentally, and we also needed some resonances with weaker status ((1900), N(2000), N(2080)) in order to
obtain a good t.
In our model resonances are treated as on-shell particles in their production processes, but their mass is generated
according to a Breit-Wigner distribution. Resonance and vector-meson production cross section formulae are essen-
tially the same as in the BUU model established by Gy. Wolf (see [6] and references therein). For further details of
parameter tting see [7].
Carrying out the above tting we arrived at two dierent parameter sets describing the experimental data with
nearly the same accuracy. We calculated the dilepton spectrum with both parameter sets. Figure 4 shows the dilepton
invariant mass spectrum obtained using the parameters of our best t. Here only the dominant contributions and the
total dilepton spectrum are displayed. The total dilepton spectrum resulting from the parameter set of our second
best t shows no signicant dierence compared to the case of Fig. 4. In both cases the dominant background in the
 − ! region comes from the (1232). However, in the case displayed in Fig. 4 the dominant background in the 
region is the N(1520) Dalitz-decay while in the case of the other parameter set it is the (1700) Dalitz-decay that
dominates in the  region.
Irrespective of the choice of parameter set the peaks of the ! and  vector-mesons are clearly visible in the dilepton
invariant mass spectrum and will hopefully be identied by the HADES detector.
IV. SUMMARY
In this paper we have given a description of baryon resonance Dalitz-decays taking into account their higher spin
nature. We inserted our results into a Monte Carlo model describing proton-proton collisions and obtained the
dilepton spectra. These spectra should be compared to future experimental data from the HADES detector at SIS
(GSI, Darmstadt).
We found that the peaks corresponding to the direct dilepton decay of ! and  vector mesons will be identiable
irrespective of the theoretical uncertainties that arise during the t of the resonance parameters. Our results can also
be an input to a transport model of heavy ion collisions where in-medium modications of vector-mesons and baryon
resonances can be studied.
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APPENDIX
We give here the projector operators needed to calculate the square of matrix elements. We use the normalization
u(p; s)u(p; s) = 2m for Dirac spinors (p2 = m2), therefore
∑
s








































T  = −1
2
(γγ − γγ) + p
 (p=γ − γp=)
2m2
− p
 (p=γ − γp=)
2m2
: (A5)
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FIG. 1. Various contributions to the width of the (1232) virtual photonic decay as a function of the photon mass. M1
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FIG. 4. Dilepton invariant mass spectrum from proton-proton collisions at various beam energies. Key to the dierent
linestyles indicated in Fig. (a) applies to all plots. Total includes also those contributions that are not shown.
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